On the 4th of September 2017, the 14th European Conference on Artificial Life (ECAL 2017, Lyon, France) hosted a satellite workshop dedicated to a frontier research question: 'What can Synthetic Biology offer to (Embodied) Artificial Intelligence (and vice versa)?' This workshop, as the previous three of the 'Synthetic Biology (SB)-Artificial Intelligence (AI)' workshop series, brought together specialists from different disciplines to address the contemporary debate on the evolution of embodied artificial intelligence from a new angle. In a few words: defining the possible roles that SB -an emerging research line combining biology and engineering -can play in the process of establishment of the so-called 'Embodied paradigm' in the scientific exploration of cognition and, in particular, in artificial intelligence.
The synthetic biology-artificial intelligence workshop series
The Synthetic Biology (SB)-Artificial Intelligence (AI) workshop series (Damiano, Kuruma, & Stano, 2016a , 2016b targets an innovative form of transdisciplinary synergy between Biology and the Cognitive Sciences (CS). The aim is the definition of possibilities, limits, ways, and more concretely, appropriate theoretical, epistemological and procedural frameworks, to combine SB and AI research in the scientific exploration of cognition.
With the 'crisis' of classical or computationalist CS, a wide range of previously marginal scientific research lines exploring biological aspects of cognition -including genetic epistemology, second-order cybernetics, autopoiesis and early enaction -began to be re-evaluated (Damiano, Kuruma & Stano, 2016a) . Starting from the late 1980s, their theoretical and heuristic contributions were variously merged and developed. The result is the highly diversified contemporary approach to CS, which recognizes the positive role(s) played by the biological body in cognitive processes, and thus fully integrates (neuro-) biological research as an essential component of the scientific inquiry on cognition.
The development of this 'Embodied CS' (Shapiro, 2011) is almost contemporary to the birth and the rapid growth of SB, a research line that integrates Engineering in Biology. SB aims at synthesizing and assembling biological parts, tools and devices to redesign biological cells (Endy, 2005) . The goal is not only that of engineering biological functions for practical purposes. SB also aims at advancing the scientific understanding of life by creating cell-like systems from scratch. The idea is that of retracing the early steps of the origins of life on Earth and, on this basis, building simple bio-chemical systems, characterized by minimal living-like features (Luisi, Ferri, & Stano, 2006) .
At the basis of the SB-AI workshop series, there is the intent of combining these two advancements in a new approach to the synthetic investigation of (Pfeifer and Scheier, 1999) . In a few words: studying cognition, as a biological phenomenon, not only through software (i.e. computational) and hardware (i.e. robotic) models of cognitive processes, traditionally built by AI research, but also through the production of wetware (i.e. bio-chemical) models of these processes, based on SB procedures. Considering the state of the art in SB, this means modelling and exploring minimal forms of cognitive interaction through the construction of minimal living-like systems (Figure 1) .
In 2012, while participating to a meeting on the Synthetic Method at the Graduate School of Core Ethics and Frontier Sciences of the Ritsumeikan University (Kyoto, Japan), we decided to promote the development of the SB-AI approach through a series of transdisciplinary workshops dedicated to its main issue: 'What can Synthetic Biology offer to (Embodied) Artificial Intelligence?' In particular we targeted the conferences organized by the International Society for Artificial Life (ISAL), that is, the European Conference on Artificial Life (ECAL) and the International Conference on the Synthesis and Simulation of Living Systems (ALIFE). The first three workshops were hosted, respectively, by ECAL 2013 (Taormina, Italy), ALIFE 2014 (New York, USA) and ECAL 2015 (York, UK).
The SB-AI 2017 workshop
The 4th edition of the SB-AI workshops was hosted at ECAL 2017, held in Lyon (France). This half-day workshop involved a panel of specialists from different research fields, as well as a highly interdisciplinary audience. The schedule of the workshop included an introduction by the organizers and a series of six talks reporting on theoretical and experimental advancements in research domains strictly related to the SB-AI approach -a range of research areas including the following Epistemology of the CS, Biology of Cognition, Philosophy of AI, Philosophy of Mind and, of course, SB and AI.
The organizers opened the workshop with a detailed presentation directed to introduce the methodological, theoretical and experimental framework(s) that defined the SB-AI research topic and the agenda they proposed to the SB-AI front research line. This initial presentation focused on three main points:
1. The structure of the Synthetic Method, or the 'Understanding by Building' approach, and its developments from proto-cybernetics to contemporary research in AI and SB; 2. The evolution of the CS, and the plural configuration of the Embodied CS that today makes it problematic to recognize a Kuhnian 'Embodied paradigm' leading research in this field; 3. The possibility of referring to SB experimental procedures to ground and develop a Radically Embodied AI, and the main epistemological issues that implementing this approach entails.
The first talk, by Pier Luigi Luisi (University of Roma Tre and ETH Zurich), summarized the main results of the pioneer SB experimental approaches carried out by his group in the past 30 years. The focus was on 'Chemical Autopoiesis', that is, the frontier approach developed by Luisi and his group to build cell-like structures based on the theory of autopoiesis (Luisi, 2016) . On this basis, Luisi proposed a series of critical open questions related to the autopoietic theorization of cognition, and to the possibility of exploring minimal cognitive processes, within the framework of autopoiesis, through the construction of artificial minimal living systems.
Darren Nesbeth (University College London), the second speaker, provided a technical introduction to current SB approaches, discussing in particular the successes and the challenges of top-down approaches. More specifically, his talk focused on the design of synthetic gene networks and their use to recapture archetypal learning behaviours first defined in the fields of machine and animal learning. The implementation of a 'perceptron algorithm' for linear classification of input data was commented.
The third talk, by Leonardo Bich (University of Bordeaux), deepened the focus on SB experimental explorations of minimal cognition. While surveying the most recent approaches, this talk proposed an epistemological analysis of experiments involving interaction between minimal (artificial or artificial and natural) cognitive systems. On this basis, Bich discussed a possible classification of this interactions in view of a theory defining different levels of biological cognition in terms of the activity of mechanisms of self-regulation.
Alvaro Moreno (University of the Basque Country) addressed a central issue in current CS -'agency'. In the first part of his talk, he underlined the importance, for SB-AI research, to refer to a well-defined notion of 'minimal autonomous agent', free of anthropomorphic projections, and valid for both natural and synthetic systems displaying minimal features of life. In the second part of the talk, he discussed a concrete proposal for the elaboration of such a notion, which he widely discussed with the audience.
The fifth talk, by Francesco Bianchini (University of Bologna), illustrated how SB and AI share an open epistemological issue: the problem of 'prediction'. Bianchini underlined how both AI and SB aim at producing autonomous systems interacting with open-end contexts and thus have to deal with emergent processes. The discussion raised by his talk pointed out the crucial role played by the notion of emergence in contemporary CS and Biology and the need of an operational definition of this notion in the context of scientific investigation based on the Synthetic Method and, in particular, within the nascent SB-AI research.
Andrea Roli (University of Bologna) presented an innovative proposal based on well-known genetic regulatory networks and applied it to bio-robotics. According to this approach, the behaviour of biorobots could be defined by the regulatory network 'program', or better, by its dynamics. Attractors in biorobots and in cells can be seen as related by an analogy that is not only conceptual, but could become also material thanks to the progresses of SB and numerical modelling. In other words, the perspective of Systems Biology, when applied to SB, might transform its constructs in autonomous agents, characterized by stationary states and transitions among them.
The audience reacted with interest to, and moreover engaged in, the SB-AI forum, showing involvement in all the different specific lines of discussion proposed during the workshop. The realization of this event within the ECAL context, focused on Artificial Life, implied that particular interest was dedicated by the audience to SB -its origins, goals, tools and most recent resultsand the possibilities it discloses to scientific investigation -not only of cognitive but also of living processes. The relationship between life and cognition, and different theoretical approaches to its definition, constituted another emergent center of debate.
The full participation of the audience in the forumstimulated by the presence of invited discussants, among which Takashi Ikegami (University of Tokyo) -showed that different scientific backgrounds, and thus different theoretical languages, do not preclude interest and debate in new cross-or transdisciplinary research topics. The intense discussion suggests that the research communities traditionally related to ECAL may have a strong drive to extend their research focus to cognitive aspects of living processes.
A particularly attractive ingredient of the workshop, especially for open debate, was its novelty. This implied that, as in the three preceding editions, this workshop did not provide rigid frames, established principles of reference, nor defined answers, but focused on producing insights useful to better determine the research questions and agenda related to SB-AI.
This entailed the decision of realizing the future editions of the SB-AI workshop series with an 'open questions' format (for example, see https://www.pt-ai.org/ smlc), based on the institution of a scientific committee determining and selecting a few, well-defined and highly pertinent questions on which the speakers will be invited to generate answers through their talks and structured discussion. This format would ensure the concentration of the workshop on a restricted number of issues, a more focused debate, and thus the possibility of positively contributing to the advancement of the SB-AI research.
Opportunities and challenges
Literature in CS shows a growing dissatisfaction for the current state of advancement of Embodied CS and, moreover, an increasing awareness that the field of CS did not undergo a genuine Kuhnian-like paradigmatic revolution, intended as the substitution of the classical (disembodied) research paradigm with an authentically new and unitarian (embodied) research paradigm (e.g. Ziemke, 2016) . Developing a SB form of AI looks like the opportunity to generate an interesting and actual alternative to classical AI: a Radically Embodied form of AI stimulating CS to produce and test genuinely alternative ways of interpreting cognition.
Certainly, this is a challenging task for the SB-AIrelated communities. A first difficulty is to convincingly propose to the CS an approach to the exploration of cognition that significantly diverges from the classical human-centred approaches, as it situates the emergence of cognitive processes at the threshold of the emergence of life -or even below. Theoretical frameworks able to guide this operation are available, but need to be reworked and extended in view of their operationalization in a solid and productive SB-AI research line. A second challenge is related to the possibility of including the SB-AI research topic in the priority agenda of funding agencies, which is made difficult by the fact that the primary target of this kind of investigation is not applications, but framework transitions. Finally, the SB-AI approach requires researchers to address one of the main epistemological issues that affect contemporary science: developing effective tools and strategies to overcome hyper-specialism and favouring cross-disciplinary and, more importantly, transdisciplinary research. Although this can appear as the most abstract challenge of the three, this is probably the hardest to overcome, as it involves a radical methodological paradigm shift in science. 
